Knowledge about the spatial distribution and the local concentration of trace elements in tissues is of great importance, since trace elements are involved in many biological functions of living organisms. However, there are few methods available to measure the spatial (two (three)-dimensional) elemental distribution in animal brain. X-ray microfluorescence with synchrotron radiation is a multielemental mapping technique, which was used in this work to determine the topographic of iron, zinc and copper in coronal sections of female Wistar rats of different ages. Young (14 days old) and middle-aged (20 months old) rats (n = 8) were analyzed. The measurements were carried out at the XRF beam line at the Synchrotron Light National Laboratory (Campinas, Brazil). Two-dimensional scanning was performed in order to study the tendency of elemental concentration variation. The acquisition time for each pixel was 10 s/step and the step size was 300 mm/step in both directions. It was observed that the iron distribution was more conspicuous in the cortical area, thalamus and bellow the thalamus. On the other hand, the zinc distribution was more pronounced in the hippocampus. The iron, copper and zinc levels increased with advancing age. Therefore, this study reinforces the idea that these elements are involved in the chemical mechanisms of the brain that induce some neurological diseases, since they are also present in high levels in specific areas of the brain, such as the hippocampus and the substantia nigra of patients with these disorders.
Introduction
Knowledge about the spatial distribution and the local concentration of trace elements in tissues is of great importance, since trace elements are involved in many biological functions of living organisms. 1 However, there are few methods available to measure the spatial (two (three)-dimensional) elemental distribution in animal brain. 2 X-ray microfluorescence with synchrotron radiation is a multielemental mapping technique, which was used in this work to determine the topographic of iron, zinc and copper in coronal sections of female young and middle aged Wistar rats.
It is well established that the elements mentioned above are involved in some neurodegenerative diseases (Freidriech's ataxia, Parkinson's disease, Alzheimer's disease, Wilson's disease and Multiple Sclerosis) due to oxidative stress. 3 Moreover, brain aging has become an area of intense research and a subject of much speculation, since age is the biggest risk factor in most neurodegenerative diseases. 4 Furthermore, the aging process of the human brain is characterized by progressive neuronal loss.
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Experimental
X-ray microfluorescence
X-ray microfluorescence spectrometry (mXRF) is a modern tool for examining the elemental composition of several types of samples. Since less energy is deposited in the sample as a result of X-ray excitation, compared to electron or charged-particle excitation sources, thermal damage to the samples and associated problems for loss of trace elements by volatilization, and also a redistribution of elements through the sample can be avoided. 6, 7 The concentration was determined according to:
where, Ii represents the intensity (cps) for X-ray fluorescence K or L line for element i; Si is the sensitivity for this element; Wi is the concentration of element i (in mg g -1 ); mM(E0) and mM(Ei) is the mass absorption coefficient for the incident energy and the fluorescence energy of the element i, respectively; y1 and y2 are the incident and reflected radiation angles and rD is sample superficial density (mg cm -2 ).
To set up the calibration curve, and to determine the sensitivity (Si), monoelemental Micromatter standards were used. 
Sample preparations
The first and most important step for any biomedical sample analysis is to preserve the specimen integrity. Most mammalian tissues are soft, and therefore usually have to be fixed prior to sectioning. However, any fixative, such as glutaraldehyde or alcohol, will eventually alter the distribution of trace elements in the tissue by leaching out trace elements, or introducing more, or just displacing them. 8 There is a consensus that the best way to prepare samples for topographic and quantitative elemental analysis by the mSR-XRF technique is to use fresh tissue samples cut using cryostat or cryomicrotome, and then being freeze-dried. [9] [10] [11] [12] [13] Therefore, in this work we used cryofixation by freezing in isopentane, a cryoliquid, in order to minimize ice crystal formation. 14 Cryofixation, during which tissue and cells are rapidly frozen to preserve their integrity, is considered to be the best way of preparing samples for both high resolution morphological studies and analytical studies in which the measurement of elemental concentration is meaningful. 8 Young (14 days) and middle-age Wistar rats (20 months) (n = 8) were analyzed. The normal diet was provided by the routine way. They were sacrificed and their brains were carefully dissected and quickly removed, and then immediately frozen by submerging in isopentane, which was cooled in liquid nitrogen; they were subsequently stored in a freezer at -70˚C to avoid ionic mobility, until cryosectioning. To perform the coronal section (2.0 mm thickness), the brain was positioned on a manual tissue slicer inside a cryostat at -25˚C. The samples were freeze-dried during 48 h and subsequently they were fixed in resin for mSR-XRF measurements.
Instrumentation
Measurements were carried out at the XRF beam line at the Synchrotron Light National Laboratory (Campinas, Brazil). The excited characteristic X-rays were detected with an HPGe detector with a resolution of 140 eV at 5.9 keV. In order to minimize the background in the spectra the detector was placed at 90˚ to the beam in the horizontal plane, and the sample was positioned in the image plane within an accuracy of 0.5 mm with a 3 axis (x, y, z) remote-controlled stage. This stage was set at 45˚ for fluorescence mapping. The measurements were carried out using a conventional system of collimation (orthogonal slits 300 ¥ 300 mm) and a white beam. Two-dimensional scanning was performed in order to study the tendency of the elemental distribution variation. Data analysis was performed to Axil program 15 in order to correct for any synchrotron background and to fit elemental X-ray lines.
Two-dimensional maps were obtained after normalization of the intensities of the characteristic X-ray lines to the value for synchrotron ionization chamber. The acquisition time for each pixel was 10 s/step, and the step size was 300 mm/step in both directions.
To measure a trace element map, the area of interest is divided into picture elements (pixels). 16 At each pixel, an X-ray fluorescence spectrum has to be measured. For a reasonable map, a minimum of 1000 pixels is required. With a measuring time of 10 s per pixel, and depending on the size of the sample and the beam dimensions, a total time of approximately 3 -5 h is necessary for scanning the area. The main advantage of X-ray microfluorescence and, at the same time, the main difference between it and conventional X-ray fluorescence, is that it is capable of determining positional information about the sample, i.e., to obtain two (three)-dimensional elemental mapping. mSR-XRF is a powerful method for biological samples, having the following advantages: the detection limit is low (0.01 mg g -1 level); the measuring time is relatively short (a few seconds for each point); heat damage is small compared with electron or ion microprobe methods and the measurements can be performed in air or vacuum. 17 
Results and Discussion
A deficiency or excess of iron, copper or/and zinc can result in neurological impairment. 18 Literature reports an increase of iron levels in substantia nigra on Parkinson's disease brains, specifically in a compact zone in comparison to normal controls. 19, 20 It has also been proposed that Zn metabolism is altered in a brain with Alzheimer disease or Pick's disease. Figure 1 shows the characteristic X-ray spectra for a coronal section brain sample using mXRF. Figure 2 shows the section plane of the coronal section of the brain of rat, which was analyzed. Figure 3 shows two-dimensional maps of the iron elemental concentration for young and middle-aged female Wistar rats' brains. The scale presented in Figs. 3, 4 and 5 are a mean value concentration of four animals of each age, and total points measurements of about three thousand spectrum.
Iron promotes important metabolic processes in the brain. However, it is also associated with the production of damaging Energy/keV Intensity / fotons s -1 Fig. 1 X-Ray characteristic spectrum for a coronal section brain sample using mXRF. free-radicals, which may lead to neurodegeneration via lipid peroxidation. 19 It is known that iron enzymes, although occurring in small quantities, are important in brain chemistry because of their role in oxidative reactions and their involvement in neurotransmitter metabolism. 18 In Fig. 3 , we can observe that the iron concentration increased with advancing age; moreover, it was more conspicuous in the cortical region, thalamus and bellow the thalamus. These results show that an increase of iron probably negatively affects the chemistry mechanisms of the brain, since an increase of this element is also reported in neurological disorders, such as Parkinson's disease. 18, 19 Watt et al. showed an average increase of 26% for iron levels in the substantia nigra (SN) lesioned side of rats with 6-OHDA, compared with the non-lesioned side.
8 Figure 4 shows two-dimensional maps of the copper elemental concentration for young and middle-aged female Wistar rats' brains.
Copper is also important for the brain nervous system, since it is essential for normal central nervous system (CNS) development and function, being needed at the catalytic site of many critical enzymes, including the free-radical scanvenger superoxide dismutase (Cu, Zn-SOD), dopamine bmonooxygenase, which converts dopamine into norepinephrine, and peptidylglycine a-amidating monooxygenase (PAM), which is responsible for the post-translational modification of dozens of neurohormones and neuropeptides, including oxytocin, thyrotropin releasing hormone (TRH), neuropeptide Y (NPY), substance P, gonadotropin-releasing hormone (GnRH), cholecystokinin (CCK) and a-MSH. 22 It is also an essential transition metal required for the activity of multiple mammalian enzymes. 23 Although these functions of copper are essential, copper is also highly toxic, redox-active metal that has been associated with several neurodegenerative disorders. For example, copper-mediated aggregation of b amyloid (Ab) has been linked to the development of Alzheimer's disease. 22 In Fig. 4 , it is observed that the copper levels increased with advancing age. This result is in good agreement with those reported by other authors, who also reported an increase in the copper levels in some areas of the brain, like the hippocampus and the temporal cortex. 21, 24, 25 Another neurodegenerative disorder in which copper is related is Wilson's disease. 22, 26 This disease is characterized by organ and cellular copper accumulation. 22 Divalent Cu ion is also crucial in neurobiochemistry. Inherited disorders of Cu metabolism, such as Menkes and Wilson's disease, have dramatic neurodegenerative phenotypes, and underscore the essential role of Cu in the brain. 26 Figure 5 shows two-dimensional maps of the zinc elemental concentration for young and middle-aged female Wistar rats' brains. Zinc is a relevant trace element in the body. 27 Zn is present in large quantities throughout the mammalian brain, and the cheatable fraction of Zn is especially enriched in the neuropil of the neocortex and hippocampus. 28 Zn may have a special function in the brain concerning memory and learning. Zn has also been reported to be actively taken up and stored in synaptic vesicles in nerve terminals. The interaction of Zn with the major excitatory and inhibitory amino acid neurotransmitter receptors indicate that this cation may act as a neuromodulator. 29 Analyzing Fig. 5 , it can be observed that, in general, for zinc concentrations were higher in the hippocampus than, in the other brain structures. Our results are in good agreement with those reported by Frederickson et al. 30 They showed, using a stable isotope dilution mass spectrometry method, that zinc is more abundant in the hippocampus than in the spinal cord; however, preliminary data in human CNS tissue indicate that the zinc content for hippocampus is only slightly higher than in other regions. 30 Our results are also in good agreement with those reported by Takeda et al., who also determined, using high-resolution autoradiography, that Zn was concentrated in many regions, such as the hippocampal formation. 29 
Conclusions
The topographies of iron, zinc and copper presented a wide variation in the rat brain. Our results showed that these elements are distributed heterogeneously. Iron and zinc are more pronounced in specific areas of the brain; for example, iron was more conspicuous in the cortical area, thalamus and below the thalamus; on the other hand, for zinc distribution was more pronounced in the hippocampus.
Concerning their levels in relation to age, it was observed that all of these element concentrations showed an increase with advancing age. These findings reinforce the idea that these elements are involved in some neurological diseases, due to mainly two reasons: these element levels also showed an increase in specific brain structures of patients with some disorders, such as Alzheimer and Parkinson's diseases; and moreover, age is the biggest factor of risk to develop several neurological diseases.
